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Abstract—in this paper, a class-E power amplifier using four Output Matching

1-W GaAs MESFET'’s at 935 MHz is demonstrated using a new ‘% ﬁk ﬁ

extended resonance power-combining technique. A microstrip am- TC“" TCM -I—CM T
plifier based on this technique was designed and fabricated which

combines four 1-W Siemens CLY5 GaAs MESFET's with 67%

power-added efficiency at 935 MHz. FET4 FET3 FET?2 FETI

. INTRODUCTION l 1. 1. L,
I v v

S:LID-STATE power combining at microwave and . ...

illimeter frequencies is used to disperse heat mor Circuit

effectively, and/or increase the total available output power. For ) N .
monolithic-microwave integrated-circuit (MMIC) SolutionS,Flg' 1. Four-device extended resonance power-combining amplifier.
power-combining circuits should be compact to minimize

production costs as well as to avoid excess circuit loss that ch$2)- Transmission lines or lumped elements may be used to
degrade both power-added efficiency and power-combinigg§nvert the admittance at one device to its conjugate value at the
efficiency. Some of the more widely used power-combininr%:’ixt device, canceling the susceptive components and adding
techniques for MMIC applications employ balanced amplifie§€ conductances. This condition guarantees an equal power
using Lange couplers [1], binary or corporate Wilkinson 3-d8Plitamong the devices for power dividing/combining purposes.
hybrids [2]-[4], traveling-wave combiners [5], and poWe;l'he advantages of using this power-combining technique are
distributed amplifiers using Ginzton tapered lines [6]. The firdhat the overall size of the resulting structure is much smaller
three techniques provide excellent isolation between the actid@n With hybrid combiners, and perfect power combining can
devices, but they rely on quarter-wavelength transmission lin@@ achieved without having to taper the output circuit's trans-
(or lumped-element equivalents), which are large, particulafiission lines.

at lower frequencies. These techniques also require prematcheidresented herein is an extended resonance power-combining
devices, which consume additional chip area. Meanwhil@?Sign based on a new more versatile transmission-line circuit
power-distributed amplifiers, using Ginzton tapered lines in ti@P0logy than that employed in previous works. By intro-
output circuit, eliminate the backward traveling wave asso@Ucing another degree of freedom to the circuit design, this
ated with distributed amplifiers by reducing the characteristieW topology allows more flexibility in optimizing size and
impedance of each transmission-line section in the directionRfrformance of the overall circuit. Section Il addresses this
the load. This is a nonresonant way of combining the curref@W extended resonance power dividing/combining topology,
from each device along the output lines while maintaining #Hd Section Ill discusses the design and results of a four-device
equal voltage at each device’s output port. The drawback to tl3ss-E extended resonance power-combining amplifier at
technique, however, is that the range of realizable microst§$° MHz.

line impedances severely limits the number of devices that can
be combined in this manner. [l. EXTENDED RESONANCEPOWER DIVIDING /COMBINING

A method of combining power from solid-state devices was an extended resonance technique for combining power from
recently introdu_ced, based on an ex_ter_1ded resonance technigl)Rl-state devices was presented earlier [7]-[9], where both
[71-9]. A standing-wave structure similar to a waveguide co{ransmission-line and lumped-element power combiners using
pled-cavity filter is realized by resonating the device admitnis technique have been developed. A transmission-line power
tances with each other in order to cancel their susceptance @Bfhbiner is implemented for this particular experiment, with
combine their conductance. The combining process takes g¢sonvenient method of impedance matching that was not pre-
vantage of the complex input and output devices impedancggnted in the previous literature. To illustrate this, a power am-
instead of first matching each device to a real impedance (e@ifier (PA) combining four MESFET’s is shown in Fig. 1. The

divider/combiner circuits each possess a unique design; how-
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Y,y = 4G+ jBy, Y3 = 3Gyt By Yy = 2Gyt jBy Yo = Ggot By
Input Matching % A
Circuit
—=Ca == C, —C,; = Cy
Tg3 Tg2 Tgl
l_. YgO = Gg0+ngO

Yin = Gin+.iBin

FET input circuit

device #4 device #3 device #2 device #1
(a)
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PN Output Matching
Circuit
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Ta Te Tgs

R FET output circuit
device #1 device #2 device #3 device #4 output cireur

(b)

Fig. 2. (a) Extended resonance four-way power divider. (b) Extended resonance four-way power combiner.

a more “suitable” admittanck,o = G4 + jBgo by transmis- work in Fig. 2(b) uses MESFET admittances that are assumed
sion line7o. This “suitable” admittance is one that will easeo be the conjugate of the load admittance that is to be presented
the task of having to match the phase delays between the infauthe output of each device.

and output circuits, and whose choice depends on the overallhe two dividing/combining circuits in Fig. 2 must be con-
number of devices in the dividing/combining circuits. The valusistent with each other so that coherent power combining is
of G0 is generally more important than the valuef, since achieved by creating the same phase delay between the corre-
a shunt capacitor (or inductor) can add or subtract the desisggbnding gate and drain sections. Referring to Fig. 2(a), it can
amount to/fromB,. The admittance at each gate junction (bese shown that the phase delay between two adjacent transistor
ginning at the first device) is transformed to its conjugate valgatesk andk + 1 is

at the adjacent gate junction, thus summing the conductance at 1 { kGyo tan Bl
each gate junction and forcing the voltage magnitude at each Pgi = —tan <1 — By tan /3lgk> )
transistor gate to be equal when an input signal is applied. Tvr\‘/ﬁereﬁlgk is the electrical length df;.. Referring to Fig. 2(b),

length of 7}, can be chosen so that the real component of thﬁ . . ;
LI . ; . o the phase delay between the corresponding drain termiirals
total circuit input impedance is 50, which simplifies the task b y P g

of input matching immensely. The power-combining networﬁndk S

in Fig. 2(b) is based on the same principle using the equivalent Yap = —tan? <
drain admittance of each MESFET. The power-combining net-

kGdO tan ﬁldk ) (2)

1 — By tan Bla
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where gl is the electrical length off;;.. For power to be
combined coherently between devidesind k. + [, the phase Livic /\
delay between the drains and gates must be equal [i.e., ({;— n;z 47[
= (2)]. The values ofG,y and G4 are determined by the

lengths of transmission line¥), and 1y, respectively, in N\ Veston '
Fig. 2. Input/output impedance matching can be avoided whe! |/ FET equivalent 3 1,

Ggo = Ggo = 0.25/50 S (for a 50%2 system), and from (1) © w2 Om?‘ffif?u_lf i g5 imur Matching
and (2) :

Pt Circuit R
JLT— w Te Ve load
«> : but
£ ! i

v

~.

8k — k2 +16B2 16—k +16B3,,, -
(4-k)By, kBt '
The transmission lines connecting the drains and gates are givgns  cjass g ampiifier.
in (4) and (5), respectively, as follows:

tan Bl = 6= kiZ_Bi(ggg (4) signal. This is a major advantage that the class-E amplifier has
d(k+1) over other amplifier classes. In addition, class-E amplifiers are
and relatively simple to implement since they do not require mul-
_39B., tiple bandpass circuits in the output circuit tuned to appropriate
tan Bl = g (5) harmonics.

— — 2 _ 2 -
16 — (4 - k)* — 16B, A single-device class-E amplifier is shown in Fig. 3, along

| f the t ission li f 4 and éth the idealized voltage and current waveforms. The active
;N Some cases, one ot the transmission fines from ) an vice, in this case an FET, is driven at 50% duty cycle between
is much longer than the other, making physical layout difficu t?turation and cutoff at the frequency of the input drive. The

to realize. That is mdee_d the case for a portion of the cireyt ) may be a square wave or it may be a very large amplitude
presented here. To alleviate this problem, a shunt capamtanc&ﬁs

T e wave, which is more often the case for microwave oper-
placed at the center of the longer transmission line and, hengﬁ()n Ideally, either the “switch” voltage.., or the “switch”

the overall length of this particular transmission line can be rgijrrentisw is zero at any given instant in time so that transistor

duced. The phase delay across this modified gate section is power loss is eliminated. In addition, the slopagf at turn on

oo = —2 tan~! < kGgo tan fSlg ) (6) should be zero to minimize energy loss when the input signal
1 — By tan Slg is frequency modulated. The “switch” opens and closes at the
wheregly, is the reduced electrical length of each transmissionput drive frequency, and the transistor current is being alter-
line 1. This technique provides more design leeway, and alately steered through the small channel resistasncand the
lows a greater number of transistors to be more easily combinedpacitorCy,. A high-Q output matching network filters out all
Class-E amplifier operation is briefly described in Section IIlharmonic components of the transistor current and provides a
and then experimental results from a four-device class-E Rhean sinusoidal load current. The amplifier achieves a very high

using the above design procedure are given. efficiency if roy, is the primary contributor to power loss in the
circuit. The output matching circuit is tuned so that at turn-on
lll. CLASS-E AMPLIFIER DESIGN vsw IS Zero and, therefore, the energy stored in the capacitor at

that instantl /2Cy.v2, is also zero.

Emerging high-capacity digital communication formats (e.9., A convenient formula for finding the appropriate load

QPSK, OQPSK, CDMA) are challenging the design of lineafmpedance that will provide the class-E waveforms presented
compact, and efficient PA's for wireless transceivers. PASg Fig. 3 has been derived [16] as follows:

generally achieve either high linearity or high power-added ef- 0.28
ficiency at the expense of the other [10]. For optimal efficiency L= 27 fCo

and linearity, it has become common practice to employ a "Rl_ote that only the output capacitancd, and the switching

earization circuit in conjunction with a power-efficient PA [11].]c equency f need be known for calculating the class-E load
However, this does not necessarily relieve the PA complete[ q Y 9

since a certain degree of linearity is still required dependirﬂgpedance' The load impedance is independent of both the

. L : : : |Oput drive and drain supply voltage. Therefore, amplitude
on the linearization technique (e.qg., predistortion feed-forwar . . :

. . . ~madulating the drain supply voltage should not have a sig-
Cartesian feedback). Lately, envelope restoration teChmqun(?mant effect on the power-added efficiency. An upper limit
with bandpass delta—sigma modulators [12] have been investi- P Y- PP !

gated for linear amplification using class-E switch-mode PALOWEVET, mgst be placed on the supply v'oI'tage n Ord‘?r to
aintain optimal class-E operation (max efficiency) at a given

[13], [14]. The baseband amplitude information is modulat . . .
on the PA supply voltage while the phase variation is containeggquency (assuming this voltage is well short of the breakdown

within the RF input signal, resulting in a pulsewidth modulate\éonage)' It has been shown [16] that the maximum frequency

class-E amplifier whose output voltage scales linearly Wit%t which a particular FET can operate under optimal class-E

the supply voltage [15]. A very high power-added ef‘ficienc;(fondmonS IS

is preserved, since the amplifier operates in heavy saturation Tass
over the entire range of amplitude variation of the information Jmax = 56,50, Vis (8)

6j49.05O ) (7)
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Fig.5. Output power and power-added efficiency for the four-device extended

’ . . resonance amplifier.
Fig. 4. Four-device class-E amplifier at 935 MHz.

wherel,; is the maximum transistor currerdt,, is the equiva- 30
lent transistor output capacitance, ang is the drain-to-source 29
supply voltage. Obviously, a lower supply voltage resultsinles:
available output power, and (8) illustrates a tradeoff between of .
erating frequency and output power when using a single-devicz

class-E amplifier. %

QOutput Power (d
PAE (%)

IV. EXTENDED RESONANCECLASS-E PA

For this experiment, each transistor is a packaged 1-W Ga#
MESFET Siemens model CLY5. The output capacitari¢g,
is approximately 2.4 pF, which is obtained from a nonlineat
Materka model provided by Compact Software (now Ansoft 2¢ 20
Inc.), Pittsburgh, PA. The four-device class-E extended resc ’ 5 3 © v
nance power-combining amplifier is fabricated using surface-
mount devices on a 31-mil-thick Duroid substrate wjth= 2.2 Fig. 6. Output power and power-added efficiency for the single-device
andtan & = 0.0012. The circuit simulations are performedamplifier.
with Microwave Harmonica, Compact Software. From (7), the
class-E load admittance for this transistorYis = I/Z;, = lengths have been chosen such that the conductive component
0.06 — j0.006 at 935 MHz, and a single device is terminatedeen looking into each of them is (0.02)/4 S, or 0.005 S, so that
by this admittance using a single-stub matching network withthe power-combiner input and output ports are automatically
5042 load. The lead inductance of the CLY5 package is includedatched to 5@2. It should be noted that the cumulative trans-
as part of the load-matching network. The input admittancengission-line length used in this circuit is almost half that re-
determined from the simulation when the transistor generatggred for quarter-wave hybrid and Wilkinson combiners using
nearly a watt of output power with a drain efficiency of apthe same devices.
proximately 80%. The simulated large-signal input admittance When constructing the extended resonance PA, the gate and
is Vi = 0.01 4+ 50.035 at 935 MHz, which is matched to drain leads are soldered to the microstrip lines, and the source
50 €2 using a single-stub matching network, and the simulatéehds are grounded through via holes in the substrate. The drain
power-added efficiency of the single-device class-E amplifier Bas is applied through two separate 68-nH surface-mount in-
75%. ductors, while the gate bias is applied through a bias tee. The

The next step is designing the extended resonance powerettain supply voltage is 6 V, and for class E, the gates are biased
viding and power-combining circuits using the transistor classjést below cutoff, at-3.2 V. The four-device amplifier under
input and output admittances. The output admittance of the trdest is driven into saturation with a 1-W preamplifier. The dc
sistor can be assumed to be the conjugate of the load admitpply current is monitored for power-added-efficiency calcu-
tance determined from (7) minus the series inductance frdations. At 935 MHz, the output power and power-added effi-
the package lead. A photograph of the four-device amplifier édency as a function of input power are plotted for the four-de-
shown in Fig. 4. All shunt capacitors have been implementette amplifierin Fig. 5. The best power-added efficiency is 67%,
with equivalent open-circuited microstrip stubs. The open-ciwhich corresponds to an output power of 34.7 dBm and a gain
cuit transmission lines in shunt with the gates of the outer def12.7 dB. A similar plot for a single-device class-E amplifier
vices are approximately/4 long at 465 MHz in order to prevent at 935 MHz is shown in Fig. 6. The maximum power-added effi-
subharmonic oscillations. The gate and drain transmission-liciency for the single-device amplifier is 71% at an output power

Input Power (dBm}
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Fig. 8. Large-signal gain and return loss for the single-device amplifier.

of 29.2 dBm and a gain of 13.2 dB. The large-signal gain and re-
turn loss as a function of frequency for the extended resonance
amplifier and single-device amplifier are plotted in Figs. 7 and
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! ) on.

PA is quite comparable to the single-device amplifier, despite
the fact that the four transistors are combined in “series.”

V. CONCLUSIONS

An extended resonance power-combining technique has b
used to demonstrate a class-E PA that is well suited for MM
implementation because it does not require quarter-wavelen
transmission lines, prematched devices, or tapered transmis il
lines. In this case, four transistors operating at class E have bg
successfully combined without sacrificing power-combining g
power-added efficiency.
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